Saxitoxins are a class of toxins produced by at least two groups of evolutionarily distant organisms (cyanobacteria and dinoflagellates). While the toxicity of these toxins is relatively well characterized, to date little is known about their drivers and ecological functions, especially in lower latitude tropical and subtropical freshwater ecosystems. In the present study, we aimed to obtain a better understanding of the main drivers of saxitoxin concentrations in aquatic environments. We ). These correlations were confirmed by statistical analyses. However, the highest saxitoxin relative concentrations (per trichome) were associated with lower C. raciborskii densities, suggesting that saxitoxin production or the selection of saxitoxin-producing strains was associated with the adaptation of this species to conditions of stress. Our results indicate that C. raciborskii toxin yields vary depending on the enrichment conditions having potential implications for reservoir management.
INTRODUCTION
C. raciborskii was recorded in Brazil in the last century (Lagos et al. ) . Most C. raciborskii strains found in Brazil produce saxitoxin derivatives, whereas North American and Australian strains can produce cylindrospermopsin (hepatotoxin) and European strains produce other yet undescribed neurotoxins (Falconer ) . Burford et al. () correlated the saxitoxin production to conditions of high salinity and hardness, specifically in strains from South America. According to these authors, the success of C. raciborskii should be attributed to its great ability for photoadaptation and to survive in situations of low and vari- 
MATERIAL AND METHODS
The Itupararanga Reservoir is located in the most densely Descriptive statistics were calculated for the whole dataset (mean, maximum, minimum and standard deviation).
The data were standardized according to Johnson & Wichern () and a principal component analysis (PCA) was performed using 'Statistica' 2005 software. The selection and reduction of variables for PCA analysis was carried out through redundancy analysis.
RESULTS AND DISCUSSION
Monitoring saxitoxin production by C. raciborskii in freshwater aquatic systems is very important for water management and public health. However, the great adaptability to different environmental conditions, as well as the variability of responses of this species to these variations, make it difficult to control (Burford et al. ).
The phytoplankton community in the samples was dominated by only two species: Monoraphidium contortum (Thuret) Komárková-Legnerová and Cylindrospermopsis raciborskii (Woloszynska) Seenayya and Subba Raju.
These species accounted for between 100 and 54% of the relative abundance in terms of density (org·mL À1 ). The predominance of one or two species in the community composition indicates the great stability of the phytoplankton community of the studied reservoir (Flöder & Hillebrand ) .
Monoraphidium contortum was more abundant than C. raciborskii in 50% of the samples and accounted for 10-74% of the community abundance, while the respective range for C. raciborskii was 7-83%. There was alternating dominance of the two species in the community in the two periods studied, considering density (org·mL À1 ). In the rainy season (summer), M. contortum predominated and in the dry period (winter) C. raciborskii was the most abundant ( Figure 2 ).
Despite the observed coexistence between these species, when the cell density data were analyzed, with a dominance of alternating periods, C. raciborskii biomass was on average 500 times greater than that of M. contortum and was the However, the saxitoxin concentration per trichome (TQ stx )
decreased when the C. raciborskii density (r ¼ À0.80, p < 0.001) increased (Figure 3 ).
The dominance of C. raciborskii was inversely proportional to that of M. contortum in the analyzed samples as these two species comprised most of the community and the highest saxitoxin concentrations were, thus, inversely proportional to the M. contortum densities (r ¼ À0.61,
A t-test was performed to compare these samples in which the majority of the density consisted of C. raciborskii cells (>50% density, n ¼ 26) with the remaining samples being n ¼ 30. The total saxitoxin concentrations were significantly higher (p < 0.00001) in the samples where C. raciborskii predominated. However, although higher mean saxitoxin quota per trichome was observed in samples where the majority of the density did not correspond to C. raciborskii cells, the differences were not significant
Five strains with morphologies different from that of C. raciborskii had been previously isolated from the Itupararanga Reservoir, but only two of these strains were saxitoxin producers (Vargas ) . This could explain the saxitoxin concentration observed in this reservoir alternating between producing and non-producing strains.
The observed lower saxitoxin concentrations per trichome in samples with higher C. raciborskii densities may indicate that the adaptive advantage conferred by saxitoxin production is less effective under optimal growth conditions and predominant in the community. This result could be due Table 2 ).
The correlation of saxitoxin with oxygen and pH concentrations may be related to the growth of C. raciborskii biomass. In periods of high growth, an increase in oxygenation and a reduction in pH as a function of the photosynthetic process are commonly found. They are more a consequence than a cause of growth. The PCA (Figure 5 ), performed using only the environmental parameters correlated with saxitoxin concentration, indicated that higher total saxitoxin concentrations were associated with lower temperatures, higher dissolved nutrient (NO 2 and orthophosphate) and DO concentrations, as well as higher densities of C. raciborskii. The highest saxitoxin quota per trichome is related to the lower densities of C. raciborskii, higher concentrations of total N and P (less available), dissolved organic carbon, nitrate and alkalinity, as well as higher temperatures and density of its major competitor (M. contortum). This indicates that the production of saxitoxin or selection of the producing strains may be an adaptation to non-ideal conditions or stress conditions.
In a laboratory study of competition between C. raciborskii and M. contortum, isolated from the same environment analyzed in this study, Vargas () observed that the production of saxitoxin increased and there was a reduction in cell size under oligotrophic conditions, when compared to more eutrophic conditions. The authors explained that this decrease in cell size was due to the increase in area in relation to the cell volume, which would increase the nutrient absorption capacity. Pomati et al. () suggested that saxitoxin plays a role in the maintenance of cyanobacteria homeostasis under alkaline pH or Na þ stress conditions, which would confer an advantage in environments with higher salt concentrations. In this paper, no significant correlations were found between the total saxitoxin concentrations and saxitoxin quota with the conductivity or pH. Nevertheless, other conditions such as reduced availability of nutrients or increased competition for resources, observed in this paper, can also be considered as stressful situations.
CONCLUSIONS
The analysis of the saxitoxin concentrations in the Itupararanga Reservoir indicated that higher total saxitoxin concentrations in the water column were associated with higher C. raciborskii densities and higher dissolved nutrient availability. The lowest concentrations of total saxitoxin were observed at higher temperatures, higher concentrations of organic matter and under the predominance of the competing species M. contortum. Nevertheless, the highest saxitoxin quota per trichome was observed in the periods with the lowest C. raciborskii density, where conditions are less ideal. This may indicate that the production of saxitoxin or the selection of toxic strains may be an adaptation to the stress condition. 
